Type II inositol polyphosphate 5-phosphatases (5PTases) in animals and yeast have been known to be important for regulating inositol and phospholipid signaling by hydrolyzing phosphate from both inositol polyphosphates and phosphoinositides. However, the molecular and biochemical properties of type II 5PTases in plants have not yet been studied. In this report, we show that three Arabidopsis genes, At5PTase12, At5PTase13 and At5PTase14, encode proteins with a 5PTase domain and a WD-repeat domain, a novel combination present only in plant 5PTases. We demonstrate that these genes are differentially expressed in Arabidopsis organs and At5PTase13 is induced in response to ABA and wounding treatments. Our biochemical studies reveal that although both At5PTase12 and At5PTase13 exhibit phosphatase activity toward only Ins(1,4,5)P 3 , At5PTase14 hydrolyzes phosphate from PI(4,5)P 2 , PI(3,4,5)P 3 and Ins(1,4,5)P 3 with the highest substrate affinity toward PI(4,5)P 2 . All three At5PTases require Mg 2+ for their phosphatase activities. Our molecular and biochemical characterization of three WD-repeat-domaincontaining At5PTases provides a foundation for further elucidation of their cellular functions in Arabidopsis.
Inositol polyphosphate 5-phosphatases (5PTases) are a group of phosphatases that hydrolyze the 5-position phosphate from the inositol ring of water-soluble inositol polyphosphates and/or phosphoinositides, which are important signaling molecules in all eukaryotic organisms (Majerus et al. 1999 ). 5PTases are characterized by having a conserved 5PTase catalytic domain that spans about 350 amino acid residues. Within this domain, there are two highly conserved catalytic motifs in which several amino acid residues were shown to be essential for the 5PTase activity (Whisstock et al. 2002) . 5PTases exhibit differential substrate specificity toward water-soluble inositol polyphosphates Ins(1,4,5)P 3 and Ins(1,3,4,5)P 4 , and phosphoinositides PI(4,5)P 2 and PI(3,4,5)P 3 . Based on their substrate specificity, 5PTases are grouped into four types (Majerus et al. 1999) . Type I 5PTases hydrolyze phosphate from Ins(1,4,5)P 3 and Ins(1,3,4,5)P 4 . They have been shown to exhibit the highest specific activity among all types of 5PTases toward watersoluble inositol polyphosphates and are important regulators of the signaling molecule Ins(1,4,5)P 3 . Type II 5PTases can hydrolyze phosphate from both water-soluble inositol polyphosphates and phosphoinositides. Whereas type III 5PTases hydrolyze phosphate from PI(3,4,5)P 3 and Ins(1,3,4,5)P 4 , type IV 5PTases specifically dephosphorylate PI(3,4,5)P 3 . In plants, although several type I 5PTases have been studied, little is known about other types of 5PTases.
Type II 5PTases in yeast and animals are best known for their important roles in regulating phosphoinositide metabolism. Phosphoinositides are signaling molecules that affect diverse cellular functions, such as signal transduction, vesicle trafficking, actin organization, cell differentiation and proliferation (Whisstock et al. 2002) . PI(4,5)P 2 has been shown to regulate actin organization through binding to and modulating the activity of actin-associated proteins, such as profilin, gelsolin, vinculin and α-actinin (Takenawa and Itoh 2001) . The functional roles of type II 5PTases in the regulation of PI(4,5)P 2 level and actin organization were revealed by analysis of mutations of the human OCRL1 5PTase. Mutations of OCRL1, which occur in patients with Lowe syndrome, were found to abolish its 5PTase activity toward PI(4,5)P 2 and PI(3,4,5)P 3 , and concomitantly cause an elevation of the PI(4,5)P 2 level (Zhang et al. 1998 ). This loss of regulation of the PI(4,5)P 2 level was proposed to be the cause of Lowe syndrome. The OCRL1 mutations were also shown to cause abnormal organization of F-actin and aberrant distribution of the actin-associated proteins gelsolin and α-actinin (Suchy and Nussbaum 2002) . In yeast, mutation of the type II 5PTase activity of Inp51p was shown to cause an increase in PI(4,5)P 2 level and cold tolerance (Stolz et al. 1998) .
In Arabidopsis thaliana, 11 genes encoding putative type I 5PTases have been reported and two of them, At5PTase1 and AtIP5P2, when expressed in Escherichia coli, exhibit typical type I phosphatase activity toward water-soluble inositol polyphosphates (Berdy et al. 2001, Sanchez and Chua 2001) . Overexpression of At5PTase1 and AtIP5P2 in Arabidopsis caused a decrease in the Ins(1,4,5)P 3 level and altered sensitivity to abscisic acid (ABA) treatment (Sanchez and Chua 2001, The numbers shown at the left of each sequence are the positions of amino acid residues in the corresponding proteins. Gaps (marked with dashes) were introduced to maximize the sequence alignment. Identical and similar amino acid residues are shaded with black and gray, respectively. (C) Sequence alignment of the two conserved 5-phosphatase catalytic motifs of At5PTases and other 5-phosphatases. The consensus sequences for the two motifs are shown below the aligned sequences. Shown in the alignment are motifs from type II 5PTases (Hs5PTase, OCRL, synapto1, synapto2, Inp51p, Inp52p and Inp53p) and type I 5PTases (At5PTase1, AtIP5P2 and HsTypeI). Burnette et al. 2003) . Mutation of another Arabidopsis type I 5PTase, CVP2, was found to cause an increase in the Ins(1,4,5)P 3 level and an alteration in leaf venation formation (Carland and Nelson 2004) . In contrast to type I 5PTases, no studies have been reported on type II 5PTases in plants except for a note of the presence of four putative type II 5PTase genes in the Arabidopsis genome (Berdy et al. 2001) .
During the course of study of the molecular mechanisms controlling fiber cell formation, we found that mutation of an Arabidopsis type II 5PTase gene, FRA3, caused a reduction in secondary wall thickness and an alteration in actin organization in fiber cells (Zhong et al. 2004 ). This finding demonstrated important cellular functions of a plant type II 5PTase and prompted us to analyze the molecular and biochemical properties of the three FRA3 homologs in Arabidopsis, At5PTase12, At5PTase13 and At5PTase14. As a first step toward this goal, we isolated and sequenced their corresponding cDNAs. The At5PTase13 cDNA was found to be identical to a putative 5PTase cDNA sequence in the database (accession number AJ297426). Comparison of the genomic and cDNA sequences revealed that like FRA3, these three At5PTase genes have a similar genomic structure consisting of 11 exons and 10 introns (Fig. 1A) , indicating that they might have arisen from the same ancestral gene. Based on the Genome and Redundancy Viewer at MIPS (http://mips.gsf.de/proj/thal/db/ gv/gv_frame.html), it was found that two of these genes, At5PTase12 (AGI map 18.2 Mbp on chromosome 2) and At5PTase13 (AGI map 1.7 Mbp on chromosome 1), are located in chromosome duplication segments between chromosomes 2 and 1, suggesting that they evolved through genome duplication. The At5PTase13 and At5PTase14 genes have nearly identical length of exons and introns ( Fig. 1A) and their cDNAs share 78% sequence identity, implying that they might have arisen from gene duplication.
A BLAST search of the GenBank protein database revealed that At5PTases12-14 contain at their C-terminal regions a domain that shows the highest sequence similarity to the 5PTase domains of type II 5PTases from animals and yeast, indicating that they most likely belong to the type II 5PTase group. The putative 5PTase domains of these three At5PTases share 25-28% sequence identity and 45-48% similarity with the catalytic domain of human type II 5PTase ( Fig. 1B ; Table  1 ). It was found that the two conserved catalytic motifs, GDXNY/FR and PA/SWC/TDR, which are essential for the 5PTase activity, are completely conserved in these Arabidopsis 5PTases (Fig. 1C) . The putative catalytic domains of these At5PTases share 65-82% identity and 77-89% similarity (Table 1) . It was also found that a rice 5PTase homolog has a protein length similar to this group of At5PTases. Its putative 5PTase catalytic domain shares 62-71% identity and 74-82% similarity with those of the Arabidopsis 5PTases (Table 1) and also contains the two conserved catalytic motifs. It shows 28% identity and 47% similarity to human type II 5PTase.
In addition to the 5PTase catalytic domain, these At5PTases contain about 500 amino acid residues at their Nterminal regions. A search of the conserved domain database identified a putative WD-repeat domain within the N-terminal region of these At5PTases and the rice 5PTase. The WD repeat is a protein motif consisting of 44-60 amino acid residues with a GH dipeptide 11-24 residues from its N-terminus and a WD dipeptide at the C-terminus. However, neither the GH dipeptide nor the WD dipeptide is conserved among WD repeats. Instead, the WD repeat is a conserved structural motif that forms a four-stranded antiparallel β-sheet, and multiple WDrepeat sheets are further organized into a β-propeller structure (Smith et al. 1999) . Because a minimum of four WD repeats are needed for formation of a β-propeller structure, WD-repeat proteins are defined as having at least four WD repeats. Sequence analysis showed that all three At5PTases and the rice 5PTase homolog contain five WD repeats with each of them predicted to form four β-strands ( Fig. 2A, B) , indicating that these At5PTases and the rice 5PTase homolog are also WDrepeat proteins. It was noted that At5PTase12 has an extension of about 160 amino acid residues at the C-terminus compared with the other two At5PTases, and this extension sequence contains 13 highly conserved twelve-amino-acid repeats (Fig. 2C) .
Many type II 5PTases from yeast and animals contain additional modules, such as SAC, proline-rich or Rho-GTPase- (Whisstock et al. 2002) , but none of them have a WD-repeat domain. The finding that the putative type II 5PTases in plants contain a WD-repeat domain indicates that the combination of a WD-repeat domain and a 5PTase domain is a novel feature of these plant 5PTases (Fig.  2B) . The WD-repeat domain in the G-protein β subunit was found to form a β-propeller structure, which was proposed to provide a stable platform for protein-protein interactions (Smith et al. 1999) . In both animals and plants, WD-repeat domains have been shown to play important roles in interacting with their effectors, thereby regulating the functions of WD-repeat proteins (Holm et al. 2001, Li and Roberts 2001) . The roles of the WD-repeat domains of these plant 5PTases remain to be investigated. To study the expression patterns of the At5PTase12-14 genes, we used semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) to investigate their mRNA levels in different Arabidopsis organs (Fig. 3A) . Although the At5PTase12 gene had a similar level of expression in all organs examined except mature leaves, At5PTase13 and At5PTase14 showed a relatively higher level of expression in seedlings and inflorescence apices. This result demonstrates that these At5PTase genes are differentially expressed in Arabidopsis organs, indicating that they may play roles in different organs. To test whether the expression of these At5PTase genes was modulated by stress, we treated Arabidopsis seedlings with various stresses and examined the expression levels of the At5PTase12-14 genes (Fig. 3B) . It was found that although At5PTase12 was not affected by any stress treatments performed, At5PTase13 was significantly induced by ABA and wounding and slightly induced by cold and salt treatment. The expression of At5PTase14 appeared to be reduced slightly by dark treatment. These results suggest that At5PTase13 might play a role in stress response.
To investigate whether these At5PTases indeed possess any phosphatase activities, His-tagged recombinant proteins were expressed in yeast (Fig. 4A ) and used for phosphatase activity assay toward various phospholipids and two water-soluble inositol polyphosphates. It was found that At5PTase14 hydrolyzed phosphate from PI(4,5)P 2 , PI(3,4,5)P 3 and Ins(1,4,5)P 3 , whereas At5PTase12 and At5PTase13 showed phosphatase activity toward only Ins(1,4,5)P 3 but no detectable activity toward any phosphoinositides (Fig. 4B) . The 5-phosphatase activity of At5PTase14 was confirmed by immunoblot analysis with a monoclonal antibody against PI(4)P. It was shown that At5PTase14 converted PI(4,5)P 2 into PI(4)P (Fig.  4C, D) . It should be noted that PI(3,4,5)P 3 has not yet been detected in plants and therefore, the functional significance of At5PTase14 toward PI(3,4,5)P 3 is currently unknown. These results demonstrate that although At5PTase14 exhibits a typical type II 5-phosphatase substrate specificity, At5PTase12 and At5PTase13 hydrolyze only water-soluble Ins(1,4,5)P 3 . Because these At5PTase genes might have arisen from the same ancestral gene based on their similar exon and intron organization, it is reasonable to hypothesize that the ability of At5PTase12 and At5PTase13 to hydrolyze phosphate from phosphoinositides might be lost during evolution. Therefore, although At5PTases12-14 show the highest sequence similarity to type II 5PTases in animals, our biochemical data indicate that whereas At5PTase14 belongs to the type II 5PTases, At5PTase12 and At5PTase13 belong to the type I 5PTases.
Because 5PTases in yeast and animals are known to require divalent cations such as Mg 2+ for their catalytic activity (Whisstock et al. 2002) , we investigated whether these three At5PTases also need Mg 2+ for their activity. In the absence of Mg 2+ , these At5PTases did not exhibit any detectable phosphatase activity (data not shown). Addition of Mg 2+ in the reaction buffer dramatically stimulated their activity with the optimal Mg 2+ concentration at 1.5 mM except for At5PTase1 using PI(4,5)P 2 as a substrate, of which the optimal Mg 2+ concentration is 3 mM (Fig. 5) .
To test the substrate affinity of these three At5PTases, we examined their kinetic properties using different concentrations of substrates. The K m and V max values were calculated by Lineweaver-Burk analysis. The apparent K m values of At5PTase12 and At5PTase13 toward Ins(1,4,5)P 3 were found to be 223 µM and 651 µM, respectively (Fig. 6 ). The K m values of At5PTase14 toward PI(4,5), PI(3,4,5)P 3 and Ins(1,4,5)P 3 were 101, 211 and 395 µM, respectively (Fig. 7) , indicating that At5PTase14 exhibits the highest affinity toward PI(4,5)P 2 .
The finding that these three At5PTases exhibit differential substrate affinities suggests that they may be involved in regulating different cellular processes mediated by their substrates. In plants, phosphoinositides have been shown to be regulated during several cellular processes such as vesicle trafficking (Matsuoka et al. 1995 , Kim et al. 2001 ) and pollen tube growth (Kost et al. 1999) , and by stress and hormonal treatments (Mikami et al. 1998 , Meijer et al. 1999 , Pical et al. 1999 , DeWald et al. 2001 , Meijer et al. 2001 . Ins(1,4,5)P 3 has been proposed to participate in signal transduction pathways involved in stress response, ABA response and plant growth (DeWald et al. 2001 , Sanchez and Chua 2001 , Burnette et al. 2003 , Carland and Nelson 2004 . The fact that the expression of the At5PTase13 gene is induced by ABA and wounding is consistent with the proposed involvement of Ins(1,4,5)P 3 in ABA and stress responses.
In summary, our molecular and biochemical characterization of three At5PTases demonstrates that they represent a novel group of 5PTases with the presence of a WD-repeat domain and they exhibit differential phosphatase activity toward water-soluble inositol polyphosphate and/or phosphoinositides. Further studies on At5PTases will increase our Fig. 3 Expression analysis of the At5PTase genes. Gene-specific primers were used to detect the expression levels of At5PTase genes using semiquantitative RT-PCR. The expression level of a ubiquitin gene was used as an internal control. (A) Expression of the At5PTase genes in Arabidopsis organs. The seedlings used were 2 weeks old. Mature leaves were from 6-week-old plants. Inflorescence apices and mature roots were from 8-week-old plants. Stems I and II were from 4-and 8-week-old plants, respectively. (B) Expression of the At5PTase genes in response to various treatments. A stress-inducible basic chitinase gene was used as a positive control. Two-week-old seedlings were incubated in the dark, cold (4°C), or treated with ABA (50 mM) or NaCl (250 mM) for 5 h before being harvested for RNA isolation. For the wounding treatment, seedlings were cut into small pieces and incubated in Murashige and Skoog medium for 5 h.
understanding of the roles of phosphoinositides and inositol polyphosphates in plant cellular functions.
The following methods were used for the molecular and biochemical studies of Arabidopsis At5PTases. The full-length At5PTase cDNAs were isolated from an Arabidopsis cDNA library constructed with stem mRNA (Zhong and Ye 1999) , and sequenced using a dye-based cycle sequencing kit (Applied Biosystems, Foster City, CA, U.S.A.). The WD-repeat domain and 5PTase catalytic domain were identified by searching a public database at the National Center for Biotechnology Information (http:://www.ncbi.nlm.nih.gov/BLAST). The domain sequences were aligned using the ClustalW 1.8 program (http:// searchlauncher.bcm.tmc.edu/multi-align/multi-align.html). The WD repeats were identified using a protein repeats searching program (http://www.embl-heidelberg.de/~andrade/papers/rep/ search.html).
Two-week-old Arabidopsis seedlings were used for hormonal and stress treatments as described previously (Zhong and Ye 2003) . Total RNA was isolated using a Qiagen RNA isolation kit (Qiagen, Valencia, CA, U.S.A.). One microgram of purified RNA was treated with DNase I to remove any potential genomic DNA contamination and then used for first- Fig. 4 The At5PTase proteins exhibit differential phosphatase activities toward PI(4,5)P 2 , PI(3,4,5)P 3 and Ins(1,4,5)P 3 . His-tagged full-length At5PTase proteins were expressed in yeast, purified through a Ni-NTA-agarose column, and used for assay of their phosphatase activity. (A) Detection of recombinant At5PTase proteins expressed in yeast. Shown are His-tagged β-galactosidase (β-Gal), At5PTase12, At5PTase13 and At5PTase14. The recombinant proteins were detected with a monoclonal antibody against the Xpress epitope and HRP-labeled secondary antibodies. (B) Phosphatase activities of At5PTases toward various phospholipids and two water-soluble inositol polyphosphates. At5PTase12 and At5PTase13 showed phosphatase activities toward only Ins(1,4,5)P 3 . At5PTase14 exhibited phosphatase activity toward PI(4,5)P 2 , PI(3,4,5)P 3 and Ins(1,4,5)P 3 . The recombinant β-galactosidase was used as a control in the assay. (C) Specificity of the monoclonal antibody against PI(4)P. Twenty-five picomoles of phospholipids were spotted on nitrocellulose membrane and incubated with the monoclonal antibody against PI(4)P. The antibody specifically recognized PI(4)P and showed no cross-reactivity with PI(5)P or PI(4,5)P 2 . (D) Conversion of PI(4,5)P 2 into PI(4)P by At5PTase14. At5PTase14 was incubated with PI(4,5)P 2 and a portion of the reaction mixture (equivalent to 25 pmol of released phosphate as determined by the malachite green reagent) was spotted on nitrocellulose membrane and incubated with the monoclonal antibody against PI(4)P. The controls shown are reaction mixtures without At5PTase14 or PI(4,5)P 2 . strand cDNA synthesis. One-twentieth of the first-strand cDNA was used for PCR amplification of At5PTases with genespecific primers [At5PTase12 (5′-AAAGAAGCTTCGATTGG-CTTAGAG-3′ and 5′-CTACAGTTGACGAGTTACTGTTTT-3′); At5PTase13 (5′-CTGATCTTGCAGCAGCAGACAT-3′ and 5′-TCACCGGCTTTTACCTCGTCTAAC-3′); At5PTase14 (5′-CAGGTTGTTTGGTATTACCTATGA-3′ and 5′-TCAACCAC-GTCTGGTGGAGTC-3′)]. The primers used for RT-PCR span three introns so that any potential amplification from genomic DNA could be easily identified based on its larger size. No genomic DNA was amplified in the RT-PCRs. The PCR was performed for variable cycles to determine the logarithmic phase of amplifications for all samples. The RT-PCRs were repeated three times, and identical results were obtained. The expression of a ubiquitin gene was used as an internal control to determine the RT-PCR amplification efficiency among different samples.
Full-length cDNAs of At5PTases were PCR-amplified using high-fidelity DNA polymerase and confirmed by sequencing. The cDNAs were ligated in-frame into the yeast expression vector pYES2/NT that is tagged with six histidines and the Xpress epitope (DLYDDDDK) at the N-terminus (Invitrogen, Carlsbad, CA, U.S.A.). The constructs were transformed into the yeast strain INVSc1 (Invitrogen) and recombinant proteins were induced in the presence of 2% galactose for 24 h. After induction, yeast cells were broken using glass beads and the crude protein extracts were passed through a Ni-NTA-agarose column for purification of recombinant proteins. The expression of recombinant proteins was confirmed by immunoblot analysis with a monoclonal antibody against the N-terminal tagged Xpress epitope (Invitrogen) and horseradish peroxidase (HRP)-conjugated secondary antibodies. The control protein used was β-galactosidase expressed under the same conditions. Purified recombinant proteins were used for assay of phosphatase activity toward various phospholipids and two inositol polyphosphates. Phospholipids were dissolved in the reaction buffer (50 mM Tris-HCl, pH 7.0, 0.25% β-D-octylglucoside, 1 mM PMSF). The phosphatase activity was measured by mixing 0.25 µg of recombinant proteins and 100 µM substrates in the reaction buffer containing MgCl 2 at 1.5 mM for Ins(1,4,5)P 3 and PI(3,4,5)P 3 or 3 mM for PI(4,5)P 2 and incubated at 30°C. The enzyme activity was linear for 30 min, thus all assays described in this study were run for 20 min. The free phosphate released from the substrates was detected by the malachite green method (Kodama et al. 1986) . Briefly, at the end of incubation, the malachite green solution was added into the reaction mixture and incubated for 20 min at room tempera- ture. The absorbance at 620 nm was measured and the free phosphate in the reaction mixture was determined by interpolation from a standard curve generated with inorganic phosphate. To test the effects of Mg 2+ concentration on the activity of the At5PTases, various concentrations of MgCl 2 were included in the reaction buffer. For the kinetic analysis, the At5PTase activity toward a range of concentrations of substrates was assayed under the same conditions as described above. The control protein used for the assays was β-galactosidase in place of At5PTases in the reaction mixtures. All assays were run in duplicate and repeated at least twice, and identical results were obtained.
The presence of PI(4)P in the reaction mixture was detected by a monoclonal antibody against PI(4)P (Fukami and Takenawa 1989) . Phospholipids or reaction mixtures were spot- ted on nitrocellulose membrane, which was incubated with a monoclonal antibody against PI(4)P (Assay Designs, Ann Arbor, MI, U.S.A.) and HRP-conjugated secondary antibodies. Signals were detected with the chemiluminescent reaction reagents (Amersham-Pharmacia Biotech, Piscataway, NJ, U.S.A.) according to the manufacturer's protocol.
The GenBank accession numbers for the DNA and protein sequences used in this study are BAD08892 (Os5PTase), M74161 (Hs5PTase), M88162 (OCRL), U45479 (Synapto1), U90312 (Synapto2), NP_012264 (Inp51p), NP_014293 (Inp52p), NP_014752 (Inp53p), AAG17824 (At5PTase1), AAG17825 (AtIP5P2), X77567 (HsType1).
